In terms of sub-compact cars using alternative fuels, the vehicle characteristics are governed by the engine operation. The main focus of this paper was to evaluate a subcompact car engine on its performance and burn rate of gasoline and compressed natural gas (CNG) . A bi-fuel sequential system was used for this evaluation. Measurements of engine speed, torque and fuel were done on an eddy current dynamometer, while measurements of in-cylinder pressure, crank angle and spark were analyzed from results taken by a data acquisition system. The emissions readings were also compared using an emission analyzer. The results were analyzed for burn rate based on the first law of thermodynamics. A 3-dimensional computational fluid dynamics (CFD) model was done to estimate the flame speed. The comparison shows an average drop of 18.6% for the power, 7% for brake specific fuel consumption (BSFC) and the efficiency loss was 17.3%. Pressure analysis shows peak pressure dropped by 16%. The burn rate shows why CNG had a slower burning speed on the small engine. CFD predicted the flame propagation speed at 8.45 m/s. The engine speed of 4000 rpm at maximum brake torque produced the results nearest to those for gasoline. In conclusion, volumetric losses and CFD errors slightly reduce the accuracy of the results, but nevertheless an 8.45 m/s flame speed was estimated.
INTRODUCTION
A sub-compact vehicle is a vehicle which has between 2407 L and 2803 L of interior volume according to the US Environmental Protection Agency [1] . Usually, it has a length of 4191 mm but is longer than a micro car [2] . Such cars are usually popular in the South-East Asian region. This is because the majority of South-East Asian people lives in cities which require a small and high manoeuvrability vehicle without compromising interior volume. Normally, the sub-compact vehicle is powered by an internal combustion engine (ICE) [3] . ICEs rely on fossil fuel such as gasoline and diesel [4] . Fossil fuel is a non-renewable energy source which implies that there is a finite amount in the world [5] [6] [7] [8] . Also, when fossil fuel burns, it produces pollutants such as carbon dioxide which will contribute to the greenhouse effect, nitrous oxide which contributes to acid rain, and others [9] . Therefore, the study of vehicle efficiency is important for this class of car. Energy consumption is continuously increasing, and the use of petroleum as one of the main sources of energy is leading to fuel depletion in many countries around the world [10] . The proven reserves may last up to 40-50 years only, and the current vehicle production is ever-increasing. From 700 million vehicles in 2001, the number of vehicles increased more than tenfold to about a billion vehicles worldwide, with 3% average of annual growth [11] . As vast amounts of petroleum are used in the transportation sector, many alternatives have appeared, such as electric vehicles, bio-fuels, solar energy, natural gas (NG), wind, and also liquefied petroleum gas (LPG) [4, 12] . Alternative fuels have been introduced in vehicle applications for the past few decades to reduce both petroleum consumption and exhaust emissions. Of these alternatives, only natural gas in the form of compressed natural gas (CNG) and LPG appear to be more economic and worthy of implementation on vehicles [11, 13] .
Comparing CNG to LPG, the relative abundance and lower price of CNG has resulted in its increased usage as a vehicular fuel currently and in the near future, as reported by Ramasamy, Bakar [14] . CNG fuel has proven deposits that can last more than 66 years [15] . The fuel also has good environmental impacts, which is another worldwide concern. Vehicle conversion to CNG is automatically EURO-1 compliant and has further possibilities to satisfy California's program for low emission vehicles (LEV), ultra-low emission vehicles (ULEV), and zero emission vehicles (ZEV). The use of CNG has shown reductions in emissions of carbon monoxide (CO) by 90-97%, carbon dioxide (CO 2 ) by 25%, nitrous oxide (NOx) by 35-60%, and non-methane hydrocarbon (NMHC) by 50-75%) [16] . In the context of developing countries in the Asia-Pacific region, Malaysia's role as an oil-producing country has been slowly reducing. Consequently, the petroleum price in Malaysia has increased due to high demand in the world market. According to Figure 1 , Malaysian petroleum production peaked in 2005 but will continue to become scarce by 2015 [17] . Figure 1 . Petroleum production in Malaysia [17] .
In another context, the trend of production of NG in Malaysia is shown in Figure 2 . There was a steady growth of NG fuel production as compared to petroleum. From the perspective of an oil-producing country such as Malaysia, the price of petrol was at MYR 2.10 per liter and the price of NG in the form of CNG was MYR 0.68 per liter equivalent, a 65% cost difference. The current practice of CNG fuel delivery has been via port injection, making bi-fuel systems plug and play on most readily available petrol engines. Although studies suggest that direct injection may be the future fuel Exports/Imports (-) Production Prediction Consumption Prediction Exports/Imports (-) Prediction delivery of choice for CNG, port injected bi-fuel systems can be a cost-effective match for most of the existing engines in use [18] . As CNG usage grows, the understanding and control of its combustion in a petrol bi-fuel engine is crucial to get the best efficiency, power and range [11] . The CNG engine has been found to have losses when implemented on a gasoline engine. Losses in terms of power, brake specific fuel consumption and engine efficiency relate to in-cylinder burning of the fuel. A CFD analysis also shows how much flame speed is lost in the cylinder of the CNG engine. As such, both angles are required to benchmark a sub-compact engine. The focus of this paper is to find the extent of losses incurred on a bi-fuel sub-compact car engine. Figure 2 . Natural gas production, consumption and exports in Malaysia [17] .
COMPUTATIONAL FLUID DYNAMICS MODEL
For ICE simulation, the governing equation of fluid flow was written by [19] , 1. Continuity equation:
where ρ is the density, v is the volume, S m is the mass added to the continue phase from the dispersed second phase.
Eq. (1) is a general form of continuity equation and can be used for either compressible or incompressible flow. S m is the mass added to the continue phase from the dispersed second phase.
Momentum equation:
where is static pressure, is stress sensor, and and are the gravitational body force and external body force respectively. 
where is internal energy, is the effective conductivity and is the diffusion flux of species . ℎ includes the heat of chemical reaction and other volumetric heat sources.
With respect to dynamic meshes, the conservation equation of the moving boundary can be written as;
where is fluid density, is the flow velocity vector, is mesh velocity of moving mesh, is the diffusion coefficient, ∅ is a source term of generative scalar, is control volume, is boundary of control volume. The model was developed from the engine parameters shown in Table 1 . The volume of the combustion chamber was scanned using a laser scanner and intake length was measured. 
EXPERIMENT DETAILS
The vehicle chosen for testing is a sub-compact car from Malaysia. The car engine is as shown in Figure 5 . The engine tests were conducted on a test cell which was connected by various sensors. The engine was connected to a crank encoder for a 1° angle crank angle measurement, pressure measurement using Kistler 6052C and charge amplifier, a dynamometer for torque measurement, a fuel scale measuring weight, 1 g resolution, throttle measurement using a throttle position sensor (TPS), and an emissions analyzer (KANE™). The sensors were integrated by using a data acquisition system, Agilent U2542A. It features four simultaneous analog input channels with sampling rates up to 500,000 samples per second (Sa/sec) [20] . Two types of experimental testing were conducted in this research: 1. Performance test: to measure the power, torque and fuel consumption of the engine. 2. Pressure traces measurement: to analyze the pressure wave action in the manifold. In order to compare the engine performance on a common basis, tests were run at standard conditions. Whenever this was not possible, a correction factor was applied to the measured torque value to account for the difference between the actual inlet air condition and standard air condition [21] .
RESULTS AND DISCUSSION
Engine power was compared to CNG in Figure 6 . The CNG fuel has overall power loss, as suggested by Pourkhesalian, Shamekhi [22] . The power loss occurs as mentioned before, due to the lesser volumetric efficiency of CNG. These losses can be regained by increasing the turbulence of the airflow to pack in more air [23] . The most significant volumetric losses need to be addressed, so the future design of engines using CNG needs to include more turbulence. Brake specific fuel consumption (BSFC) measured and compared to gasoline shows that CNG and gasoline fuel are very similar to each other, as shown in Figure 7 . However, a slight increase of fuel consumption occurs at low engine speeds of 1000 rpm and 2000 rpm, and also during peak operation of 6000 rpm. The low speed loss occurs due to the improper idling of the engine and tuning [24] , which occur because the engine was designed for gasoline and the CNG system used lacks tuning across the whole of the engine range [25] . Installation of the CNG kit only takes into account one point to calibrate the gaseous injector signal, which may be insufficient for the entire engine operation. Overall engine efficiency suffered loss in the whole engine speed range, as shown in Figure 8 . An average loss of 17.3% is seen from the efficiency curve. This shows that tuning of the gasoline engine is still lacking when running on CNG gas. The gas exhaust temperatures of gasoline and CNG are shown in Figure 9 , where the temperature was constant except at 6000 rpm. The gas temperature increased by almost 100°C. The engine temperature increases at 4000-6000 rpm. This is due to the slow burning of the CNG, which was still burning when the exhaust valve was opening [26] . Hence, this releases a lot of heat into the exhaust. There is the potential for valve failure if the engine is driven for a long period of time at a high engine speed. This happens if the hotter exhaust gas hits the exhaust valve and burns it. In the engine life cycle, the material of the valve is exposed to constantly varying temperatures which may cause it to wear [27] . 
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Analysis of compressed natural gas burn rate and flame propagation on a sub-compact vehicle engine Figure 9 . Exhaust gas temperature vs engine speed.
In terms of emissions, referring to Figure 10 , hydrocarbon (HC) levels are very low compared to gasoline. HC registered on average a 78% reduction due to the lower carbon content in the CNG, which has only one carbon to four hydrogen atoms (CH 4 ). However, nitrous oxide (NOx) was increased by 67%. Again, this shows that the CNG was burning late, as it creates more thermal NOx due to hot exhaust. The larger temperature gradient during exhaust opening is the cause of this. As the engine speed increases to the maximum, the pressure trace distorts to the right (after TDC) as in Figure 11 (a). This shows that the ignition system was also affected by the slow burning. The spark given by the conventional bi-fuel system was not enough to burn the CNG at high engine speed. The peak pressure occurred 20° after TDC, signalling a tendency for knock to occur. Also this was the reason that the engine and exhaust temperature increased, as the bulk of the burnt gasses occur later during the expansion stroke, causing the valve to be heated by the hot outgoing gasses [28] . In the The CFD model was used to estimate the flame propagation speed model. The side view of the CFD simulation is measured for the temperature contour and from the crank angle the time is measured. With these two sets of data, the flame is measured for CNG. The flame makes a 70° angle due to the turbulence induced by the cylinder, as shown in Figure 12 . During combustion the flame is seen moving from the flow trajectories in the 70° angle. The flame measured 8.45 m/s as the average time taken to hit the wall and quench. This value was estimated from the point of spark location at 340° BTDC to the first point at which the flame touches the wall of the combustion chamber at 10° ATDC to quench. The length and time are used to calculate the flame speed [29] . 
CONCLUSIONS
Engine operation with conventional bi-fuel CNG kit has detrimental effects at low and high speed engine operations. The burn curve shows that the CNG has slow burning due to the engine design, which was meant for gasoline performance. The best engine operation occurred at 4000 rpm, but a loss of pressure leads to volumetric losses. However, the CFD model produced higher mass fraction burn due to assumptions made about the heat transfer. These errors were due to heat transfer, crevice volume, and pressure losses which were in the ideal condition in CFD. However, the CFD model was able to predict the flame propagation speed at 8.45 m/s. Since equipment development for in-cylinder flame speed measurement has been expensive, the results presented herein enable the research to progress more cost-effectively. A CFD simulation of gasoline will be used to continue to compare the values between CNG and gasoline. There is room for improvement in terms of turbulence, as well as spark timing and the air fuel ratio.
(Optimization Of Combustion For Compressed Natural Gas (CNG) Fuel Engine: 6013388).
